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Summary: Pial artery pressure was measured in anesthe tized control cats and in animals subjected to I h of global ischemia and 6 h of recirculation. Cerebral blood flow (CBF) was measured with the intraarterial 133Xe technique before and after ischemia, and lumped segmental resis tances upstream and downstream to the pial artery were calculated. In the control brain, upstream resistance was 1.30 ± 0.28 and downstream resistance 0.94 ± 0.1 mm Hg ml-1 100 g min. During the postischemic hypoperfu sion period, both resistances significantly increased, in dicating that hypoperfusion constitutes a dysregulation of It is a well-established fact that a transient period of global ischemia abolishes the vascular respon siveness of the brain to changes in arterial carbon dioxide tension. Initially, this loss results from ce rebrovascular vasoparalysis induced by tissue aci dosis developing during ischemia. After normaliza tion of tissue pH, however, the disturbance per sists, although vascular tone returns. Failure of recovery of the CO2 reactivity was first observed after 1 h complete ischemia (Hossmann et aI., 1973) , but later, the same phenomenon was also de scribed after circulatory arrest as short as only 15-16 min duration (Nemoto et aI., 1975; Koch et aI., 1984) . During the recirculation period, the cere bral blood flow after a transient phase of hyperemia drops to values below control-a phenomenon called "postischemic hypoperfusion" (Hossmann et aI., 1973; Nemoto et aI., 1975) . The mechanism of this disturbance is still unclarified, but loss of both large extracerebral and small intracerebral vessels. Hypercapnia induced an increase of CBF in the control brain and was accompanied by a fall in downstream resis tance, demonstrating intracortical vasodilation. By con trast, hypercapnia did not provoke changes in either CBF or segmental resistances in the hypoperfusion period. In conclusion, during the postischemic hypoperfusion pe riod, both extra-and intracortical resistances are in creased and vascular reactivity to CO2 is abolished. Key Words. Pial artery pressure-CBF-Cerebral ischemia -Cat -Hypoperfusion -CO2 reactivity.
local metabolic coupling may be responsible for its occurrence.
To understand the pathophysiology of postisch emic hypoperfusion, it is necessary to identify the segment of the vasculature in which vascular tone and CO2 reactivity are disturbed. Consequently, a method must be employed that allows measure ments of fractional pressure differences within the vascular tree in order to calculate segmental vas cular resistance. With the help of a micropipette in troduced into the lumen of an artery and coupled to a feedback-controlled servo nulling pressure re cording system, pressure can be continuously and nonocclusively measured in small vessels, such as pial arteries on the surface of the cortex (Fox and Wiederhielm, 1973) . If systemic arterial pressure, pial artery pressure, and, additionally, the cerebral blood flow in the region of the pial artery are re corded, the lumped vascular resistances upstream and downstream of the pial artery, i.e., extra-and intracortical resistances, can be calculated (Shima et aI., 1983) .
In the present study, segmental vascular resis tance was measured in the cat brain under control conditions and 3-6 h after I-h ischemia. During this phase, hypo perfusion prevails, and the CO2 reac tivity is lost (Hossmann et aI., 1973) . By calculating baseline resistances and changes induced by hyper capnia, we attempted to identify the site of the dis-turbed vascular regulation and to analyze the im portance of this disturbance for the postischemic functional recovery process.
METHODS
Twenty-seven cats of both sexes (5 control cats and 22 experimental animals, body weight 1.4-4.6 kg) were used. The animals were fasted overnight, then tranqui lized by an intramuscular injection of ketamine (35 mg) and anesthetized with 1-2% halothane in 70% nitrous oxide. After tracheotomy, animals were immobilized with pancuronium bromide (1 mg) and ventilated with a mixture of 1.0% halothane in 30% O2 and 70% N20. Two femoral veins were cannulated for drug infusion and one femoral artery for recording of blood pressure and blood sampling. Arterial blood was analyzed at regular intervals for P02, Pcoz, pH, Na +, K +, osmolarity, glucose, and hematocrit, and ventilation was adjusted to yield Paco2 of 30 ± 1 mm Hg and a PaOZ of above 100 mm Hg. One central venous line was used for measurement of central venous pressure (CVP). Te mperature was kept at 36.SOC with a feedback-controlled heating system. Heparin (300 IE/kg) was given intravenously.
Production of ischemia
Ischemia was produced by ligating both internal mam mary arteries, lowering systolic blood pressure with phentolamine and sodium nitroprusside to below 80 mm Hg, and clamping of the innominate and left subclavian artery. As soon as EEG flattened after vascular occlu sion, halothane and nitrous oxide were discontinued. After 60 min of ischemia, the blood pressure was sharply elevated by intravenous infusion of catecholamines, and the clamps were removed at the peak of the pressure pulse. Acidosis was treated by infusing bicarbonate (3.3-5.0 mmollkg), and postischemic edema was reduced with 40% sorbitol (2 g/kg).
Cerebral blood flow and CO2 reactivity
In 5 control and 22 ischemia experiments, CBF was measured with the intraarterial133Xe injection technique. A collimated scintillation detector was mounted over the right skull after removal of skin and muscles. One milli Curie of 133Xe, dissolved in 500 fLl Ringer's solution, was injected into the head circulation via the retrogradely cannulated subclavian artery on the right side. CBF was determined from the initial slope of tracer clearance (Olesen et aI., 1971) , avoiding extracranial contamina tion, and was calculated by the modified 2-min slope index according to Hutten and Brock (1969) . Complete ness of ischemia was ascertained by injecting the radioac tive tracer into the cerebral circulation immediately be fore ischemia and monitoring the absence of tracer clear ance. CBF was measured during the control period (10 measurements), after 15-20 min recirculation (9 mea surements), and 2-4 h (18 measurements) and 5-6 h (15 measurements) postischemia. Hypercapnia was pro duced by ventilating the animals for 10 min with 6% CO2 added to a mixture of 30% O2 and 70% N2• Some postischemic animals were sensitive to cardio vascular effects of induced hypercapnia. If hypercapnia provoked an increase in systemic arterial pressure (SAP), and if there was a concomitant increase in CBF in com parison to the normocapnia CBF value, the measurement J Cereb Blood Flow Metab, Vol. 7, No.1, 1987 was discarded because a defect in autoregulation could not be excluded.
Pial artery pressure
In 4 controls and 17 experimental animals with isch emia, pial artery pressure was measured during the pe riod of postischemic hypoperfusion, i.e., after 3-6 h of recirculation. Two hours after ischemia, when the brain swelling had faded, craniotomy was performed over the right parietal cortex in the territory of the middle cerebral artery. U sing an operating microscope, an incision of the dura was made large enough to visualize the penetration of the pial artery, but small enough to maintain the ex posed brain covered with liquor. Pial artery pressure was measured using a micropipette coupled to a feedback controlled measuring system (WPI Instruments), ac cording to Fox and Wiederhielm (1973) . The micropi pettes were filled with 1 N NaCI and were used when tip resistance was about 1 MD. Suitable micropipettes were mounted to a micromanipulator. A pial artery of 80-120 fLm diameter was punctured, and the intraluminal posi tion was ascertained by identifying the presence of pul se synchronous pressure signals. After stabilization of the recordings, CBF was measured in the same region by mounting the scintillation detector as near as possible to the site of puncture. After termination of the measure ment, hypercapnia was induced and CBF measured again. Care was taken to keep the micropipette in the in travascular position during the hypercapnic expansion of the brain (White et aI., 1942) . When the site of puncture became overtly swollen or hemorrhagic, the measure ments were discarded.
As absolute values of pial artery pressure alone bear only limited information, calculation of segmental resis tances was performed. If three points of pressure mea surements are available, namely, the aorta for recording of SAP, a pial artery for pial artery pressure, and a central vein for CVP measurement, two segments can be differ entiated (Shima et aI., 1983) . One segment is the vascular bed between the aorta and the pial artery system, "up stream" to the measuring point in the pial artery. This segment comprises the large intrathoracic and extra cranial vessels, the middle cerebral artery, and the pial arteries. The other segment between the pial artery and the central veins, "downstream" with regard to the pial artery, consists of the penetrating intracortical arterioles, precapillaries, capillaries, venoles, and veins back to the vena cava. Resistance of the upstream segment was cal culated as Rup = SAP -pial artery pressure/CBF, and resistance of the downstream segment as Rdown = (pial artery pressure -CVP)/CBF. Intracranial pressure was neglected because a wide craniotomy was performed and because brain edema was absent.
Neurophysiological recordings
The recovery of brain function after ischemia was ex amined by recording the electrocorticogram (ECoG) and the somatosensory evoked primary cortical potential. The ECoG was recorded with silverball electrodes from the dura overlying the frontal cortex. The signal was fed to a preamplifier and displayed on a strip chart recorder. The type of ECoG recovery was visually analyzed and classified.
The somatosensory evoked potential was elicited by stimulation of the left forepaw, and the response was re corded from the contralateral sensorimotor cortex. Fifty to 100 responses were averaged using a laboratory com puter (Nicolet MED 80 system). For interanimal compar ison of somatosensory evoked potential recovery, the amplitude of the cortical components was measured from the first large surface-negative peak to the first large sur face-positive peak and was expressed as percent of con trol, irrespective of the polarity of the recovered poten tial.
Biochemical measurements
At the end of experiments, the frontal cortex was ex posed and a piece of cortical tissue freeze-clamped in liquid nitrogen. ATP, phosphocreatine (PCr), lactate, and glucose were measured using conventional fluorometric enzymatic assays (Lowry and Passonneau, 1972) .
Statistics
Physiological parameters and CBF changes were tested using analysis of variance in a modified t test with the Bonferroni method (Wallenstein et aI., 1980) . Mea surements of normo-and hypercapnia were analyzed using a paired t test. Animals submitted to ischemia were compared to the control group by the Mann-Whitney test (Sachs, 1984) . Correlations between metabolic and vas cular parameters were analyzed by Spearman's rank test. All values are given as means ± SEM.
RESULTS

Physiological variables
The general physiological data recorded in the experiments with ischemia (n = 22) are given in Ta ble 1. During ischemia and induced hypotension, there was a slight acidotic shift of arterial pH and an increase of plasma glucose. At the end of recir culation, the arterial pH revealed a slight alkaline shift, and plasma sodium was increased. Animals kept only as controls (n = 5) exhibited values sim ilar to experimental animals, except for higher plasma glucose levels.
Neurophysiological recovery
In the control phase, all animals had a normal ECoG under halothane/nitrous oxide anesthesia. The control somatosensory evoked primary cor tical potential revealed two major early cortical components, a large surface-negative deflection with a peak latency of 10.1 ± 0.4 msec and a large surface-positive component with a peak latency of 16.8 ± 0.7 msec. The peak-to-peak amplitude was 115.4 ± 13.7 fLY.
Upon induction of ischemia, the ECoG flattened within 15 s and the somatosensory evoked potential within 2-3 min. After ischemia, varying degrees of neurophysiological recovery were observed. Eleven of 22 (50%) revealed recovery of continuous spontaneous ECoG activity. The amplitude of the somatosensory evoked potential returned to 95 ± 19% of the control recording. The peak latency of the surface-negative component increased to 17.7 ± 1.2 msec, and in 4 cases, a surface-positive de flection with a latency of 44.7 ± 5.0 msec returned. The other 11 animals did not recover continuous ECoG activity, but somatosensory evoked poten tials were recorded with an amplitude of 22 ± 12% of control and a surface-negative component with a latency of 18.9 ± 2.7 msec.
Metabolic recovery
In experiments with pial artery pressure mea surement, the energy metabolite content of the cortex was determined. Variable degrees of meta bolic restitution were observed, with AT P recov ering to 0.26-2.68 fLmollg wet weight (control 2.33), PCr to 0.27-5.48 fLmol/g wet weight (control 3.46), lactate to 18.6-0.66 fLmol/g wet weight (con trol 2.28), and glucose of 0.24-7.95 fLmollg wet weight (control 4.96).
Cerebral blood flow
The cerebral blood flow at normocapnia during the control phase and after 15 min, 2-4 and 5-6 h recirculation following 1 h of ischemia is shown in Fig. 1 . During the preis chemic control phase (n = 10), CBF was 44.8 ± 5.0 ml 100 g-I min-l at nor mocapnia (Paco2 = 30 ± 1 mm Hg).
During vascular occlusion and induced hypoten sion 133Xe tracer clearance was absent in 18 an imals, indicating complete cerebral ischemia. Four animals exhibited slow tracer clearance, with an estimated residual flow of less than 1 ml 100 g -I min -I, and were included in the study. After 15 min recirculation (n = 9), a marked hy peremia developed with a CBF of 97.2 ± 11.6 ml 100 g -I min -1 at normocapnia (P aco2 = 32 ± 2 mm Hg) (Fig. 1 ). This increase in CBF was signifi cant (ANOVA, t test: p < 0.01). After 2-4 h recir culation (n = 13), CBF was 22.4 ± 2.2 ml 100 g-I min -1 under normocapnic conditions (P aco2 = 31 ± 1 mm Hg), which is significantly below control values (p < 0.05). At 5-6 h of recirculation, CBF was still reduced with 22.2 ± 1.9 mll00 g-I min-I at normocapnia (Paco2 = 28 ± 1 mm Hg).
Pial artery pressure and segmental resistances
In control animals (n = 4), 7 measurements of pial artery pressure were carried out (Fig. 2) .
Average pial artery pressure at normocapnia was 41 ± 4 mm Hg or 47% of SAP, which is in line with data previously reported (Shima et ai., 1983: 50%;
Date and Hossman 1984: 49%). In general, pial ar tery pressure followed slight spontaneous changes of SAP. This observation corroborates the earlier demonstration of a linear relationship between SAP and pial artery pressure (Stromberg and Fox, 1972) .
CBF in this group was 39.7 ± 4.6 ml 100 g-I min-I at normocapnia (Paco2 = 28 ± 1 mm Hg). Calcu lated segmental resistances during normocapnia were: Ru p = 1.30 ± 0.28, and Rdown = 0.94 ± 0.10 mm Hg ml-I 100 g min.
During postischemic hypoperfusion after 3-6 h of recirculation, 14 measurements of pial artery pressure were successfully performed in 9 animals ( Fig. 3) . Seven experiments were excluded from analysis of pial artery pressure for technical 
CO2 reactivity
The data reported for testing of vascular reac tivity to CO2 pertain to the group of animals with pial artery pressure measurements. Data from con trols (7 pairs of measurement) are included in Fig. 2 and data from animals subjected to ischemia (14 pairs of measurement) are presented in Fig. 3 . In controls (Fig. 2) , induction of hypercapnia (Paco2 from 28 ± 1 to 54 ± 3 mm Hg) resulted in an in crease of CBF from 39.7 ± 4.6 to 81.5 ± 15.1 ml 100 g-I min-I (paired t test, p < 0.01). Pial artery pressure fell from 41 ± 4 to 28 ± 2 mm Hg (p < 0.01). A typical example of a control reading is shown in Fig. 4 . Calculated resistances revealed marked changes: Ru p decreased from 1.30 ± 0.28 to 0.96 ± 0.20 (p < 0.05) and Rdown from 0.94 ± 0.10 to 0.28 ± 0.05 mm Hg ml-I 100 g min (p < 0.01).
At 3-6 h of recirculation (Fig. 3) , CO2 reactivity for PCr values (Rdown, P < 0.05). To tal CBF was independent of tissue lactate, but pial artery pres sure tended to be lower in animals with higher lac tate (p < 0.1), and the increase of tissue lactate was associated with an intracortical vasodilation (p < 0.1). An increase of tissue glucose was accompa nied by an increase of downstream resistance (p < 0.05).
DISCUSSION
In the present study, measurements of pial arte rial pressure and cerebral blood flow were per formed to differentiate between the resistances built up by the large extracranial and extracortical vessels, on the one hand, and the intracortical vessels on the other. Measurements were carried out before and after ischemia, during normocapnia and hypercapnia, in order to evaluate changes in segmental resistances during the period of postisch emic hypoperfusion. By calculating the fractional pressure drop between systemic and pial arterial pressure, and between pial arterial and central venous pressure, respectively, two segments cou pled in series can be differentiated, as has been dis cussed before (Baumbach and Reistad, 1983; Shima et aI., 1983) . One segment is "upstream" to the pial artery and includes the large intrathoracic and intracranial arteries (extracortical resistance); J Cereb Blood Flow Metab. Vol. 7. No. I. 1987 the second segment is "downstream" from the pial artery and comprises the intracortical arterioles, capillaries, and the venous system (intracortical re sistance). Some assumptions had to be made to allow for the differentiation of two coupled seg ments. The vascular events induced by hyper capnia and postischemic hypoperfusion were con sidered to be homogeneous, and the measuring point in one pial artery was accepted as representa tive for a large vascular field. The pressure drop across the pial artery network of cats is only 10% of total pressure decrease (Shapiro et aI., 1971 ) and was neglected. The downstream segment can be considered to be uniform, as significant arteriove nous short-circuits do not exist, as demonstrated in a previous investigation (Rossmann et aI., 1978) .
The pial artery pressure measurements of this study correlate well with previous investigations, taking into account that pial artery pressure is a function of the systemic arterial pressure (Strom berg and Fox, 1972; Kontos et aI., 1978) : pial artery pressure was 47% of SAP (Shima et aI., 1983: 50%; Date and Rossmann, 1984: 49%) , and calculated upstream resistance was slightly higher than down stream resistance, which is similar to the study of Shima et ai. (1983) . Shapiro et ai. (1971) reported a pressure drop of 39% across the large extracranial and pial vessels, 10% across the pial artery system, and 46% in the intracortical segment. If the pres sure drop across pial arteries is lumped to the large artery resistance, there is good agreement with our data.
The validity of the method was also confirmed by measurement of pial artery pressure in hyper capnia. Pial artery pressure fell markedly, in agree ment with other studies (Fox and Stromberg, 1975; Shima et al., 1983) , and calculation of the seg mental resistances revealed the selective decrease in downstream resistance, whereas upstream resis tance remained nearly normal. This observation is in accordance with the notion that small arteries di late more than large ones (Wei et al., 1980) and that hypercapnia induces vasodilation of both pial (Kontos et al., 1977; Johansson et al., 1985) and in tracortical arterioles (Sadoshima et al., 1980) . Measurements of pial artery pressure during hy poperfusion have not been carried out before.
Three to six hours after 1-h global ischemia, blood flow was only 50% of control, which is in line with similar observations made before after shorter isch emia times in dogs (Snyder et al., 1975) , rats (P ul sinelli et al., 1982; Kagstroem et al., 1983b) , and gerbils (Cahn et al., 1985) . We found that during (Dietrich et al., 1984) is also unlikely, as this should increase the intracor tical, but not the extracortical, vascular resistance.
We therefore suggest that ischemia has a direct ef fect on the vascular smooth muscle, possibly me diated by an interaction between the ischemic vas cular wall and blood constituents.
The loss of CO2 reactivity documented in this study confirms earlier observations in this model (Hossmann et al., 1973; van den Kerckhoff et al., 1983 ) and other ischemic models (Nemoto et al., 1975; Kagstroem et al., 1983a; Koch et al., 1984) .
Our pial artery pressure measurements demon strate that the loss of CO2 reactivity is associated with substantial vasoconstriction and not with va soparalysis, as in other types of regulation distur bances. It could also be shown that both intra-and extracortical vessels are unresponsive and that the loss of CO2 reactivity is not the result of opposite changes in the two segments.
It is generally assumed that the effect of CO2 on cerebrovascular tone is mediated by changes in ex tracellular H+ (Betz, 1971; Lassen, 1974; Kontos et al., 1977; Kuschinsky and Wahl, 1978; Busija and Heistad, 1984) . However, a direct effect of the CO2 molecule on the cerebrovascular smooth muscle cannot be excluded, as CO2 is freely diffusible through membranes (Busija and Heistad, 1984; Harder and Madden, 1985) . The postischemic sup pression of CO2 reactivity, therefore, could be due to either alterations of the extracellular pH, the buffering capacity of the brain, or the responsive ness of the smooth muscle to molecular CO2, Alter ations of extracellular pH are unlikely, as previous experiments in rats have demonstrated that pH re covers to normal after 30 min of ischemia (Mabe et al., 1983) . Also, the loss of CO2 reactivity after spreading depression occurs in the presence of a normal extracellular pH (Lauritzen, 1984) . We therefore suggest that the loss of CO2 reactivity is due to an altered responsiveness of the smooth muscle to molecular CO2, This view is supported by the previous observation of a dissociation be tween CO2 and H+ reactivity, as evidenced by the normal reactivity of pial vessels to topical applica tion of acid CSF during the phase of postischemic hypoperfusion (Hossmann et aI., 1976a) . The pathophysiology of this dissociation remains elu sive as long as the normal mechanisms of CO2 reac tivity are unknown. It may be of interest to note, however, that during ischemia, the vascular smooth muscle is exposed to unphysiologically high CO2 in the presence of a deranged energy metabolism (Ljunggren et al., 1974) and that a similar situation occurs during spreading depression (Kraig et al., 1985) , which is also followed by a reduced CO2 re activity (Lauritzen, 1984) .
The relevance of these observations for the re suscitation of the brain lies in the uncoupling of postischemic blood flow and metabolism. During postischemic hypoperfusion, blood flow is reduced to below the energy demands of the recovering brain, as evidenced by the increase in oxygen ex traction (Hossmann et al., 1976b; Hossmann, 1979) . Increased oxygen extraction, hypoperfusion, and suppression of CO2 reactivity is also observed after hypoglycemia (Nilsson et al., 1981) and after subarachnoid hemorrhage (Jakubowski et aI., 1982) . In all of these situations, delayed neuronal injury may develop, and it is reasonable to assume that uncoupling of blood flow is a pathogenetic factor. It is conceivable that loss of CO2 reactivity is only one aspect of this disturbance and that other mediators of metabolic coupling, such as K + , Ca 2 + , adenosine, or neurogenic factors, are also in volved. The present study of the changes of seg mental vascular resistance may contribute to the elucidation of the pathomechanism of this dan gerous disturbance and to the development of ther apeutic approaches for its prevention.
